GDP-dissociation inhibitors (GDIs) play a primary role in modulating the activation of GTPases and may also be critical for the cellular compartmentalization of GTPases. RhoGDI and GDI͞D4 are two currently known GDIs for the Rho-subfamily of GTPases. Using their cDNAs to screen a human brain cDNA library under low stringency, we have cloned a homologous cDNA preferentially expressed at high levels in brain and pancreas. The predicted protein, named RhoGDI␥, is Ϸ50% identical to GDI͞D4 and RhoGDI. It binds to CDC42 and RhoA with less affinity compared with RhoGDI and does not bind with Rac1, Rac2, or Ras. RhoGDI␥ functions as a GDI for CDC42 but with Ϸ20 times less efficiency than RhoGDI. Immunohistochemical studies showed a diffuse punctate distribution of the protein in the cytoplasm with concentration around the nucleus in cytoplasmic vesicles. Overexpression of the protein in baby hamster kidney cells caused the cells to round up with loss of stress fibers. A distinct hydrophobic amino terminus in RhoGDI␥, not seen in the other two RhoGDIs, could provide a mechanism for localization of the GDI to specific membranous compartment thus determining function distinct from RhoGDI or GDI͞D4. Our results provide evidence that there is a family of GDIs for the Rho-related GTPases and that they differ in binding affinity, target specificity, and tissue expression. We propose that RhoGDI be renamed RhoGDI␣ and GDID4 be renamed RhoGDI␤. The new GDI should widen the scope of investigation of this important class of regulatory protein.
A key biochemical activity of all small GTP-binding proteins is their cycling between a GDP-bound inactive state and the GTP-bound active state. Three classes of proteins are currently known to regulate this critical switching of molecular states (1) . The GDP-dissociation stimulators or GDP exchange factors catalyze the exchange of GDP for GTP, the GTPase activating proteins catalyze the intrinsic ability of the GTP-binding proteins to hydrolyze GTP to GDP, and the GDP-dissociation inhibitors (GDIs) inhibit the exchange of GDP for GTP.
An array of exchange factors have thus far been isolated for the Rho family (RhoA, B, C, G, Rac1, Rac2, and CDC42). They all have in common a dbl-homology domain responsible for stimulating nucleotide exchange activity. In contrast, only two GDIs for the Rho-related proteins have been identified so far. A RhoGDI protein was first isolated and cloned from bovine brain cytosol (2) . Leonard et al. (3) , in searching for a GDI for CDC42Hs, isolated a GDI from bovine brain cytosol that is virtually identical to the bovine RhoGDI. Subsequently RhoGDI was found to be capable of functioning also as a GDI for Rac1 (4) and Rac2 (5) .
By subtractive hybridization we cloned a RhoGDIhomologous cDNA, named GDI͞D4 (6) , representing an mRNA that is expressed at a very high level only in hematopoietic cells. GDI͞D4 is 67% identical to RhoGDI. In vitro studies showed that GDI͞D4 also can function as a GDI for Rho, Rac, and CDC42 (7, 8) .
The in vitro biochemical activity of these GDIs suggests that their role may be to inhibit the generation of active GTPbound Rho proteins. Thus microinjection of RhoGDI into fibroblasts caused inhibition of motility (9) and overexpression of RhoGDI and GDI͞D4 in various cell lines induced disruption of the actin cytoskeleton and the rounding up of cells (10, 11) . In contrast, RhoGDI has also been shown to be an inhibitor of the intrinsic and GTPase activating proteinstimulated GTP hydrolytic activity of CDC42 (12) , Rac (13) , and Rho (14) , and thus possesses the ability to maintain these proteins in the GTP-bound active form. Thus RhoGDI appears to be a molecule capable of blocking the GTP-binding͞ GTPase cycle at two points-i.e., at the GDP-GTP exchange step and at the GTP hydrolytic step.
Although both GDI͞D4 and RhoGDI function as GDIs for the same spectrum of substrates, GDI͞D4 has been shown to bind to the Rho subfamily of proteins with a significantly lower affinity compared with RhoGDI. A replacement of residues 169 -178 of GDI͞D4 with the homologous region from RhoGDI converted its activity to resemble that of RhoGDI (15) . These data suggest that GDI͞D4 and RhoGDI very likely have overlapping function. While macrophages with loss of function of GDI͞D4 showed an impairment in their capacity to generate superoxide (16) , the absence of a more severe phenotypic effect is likely due to a redundancy of function between the two GDIs. This raises the issue of whether other GDIs, homologous to RhoGDI and GDI͞D4, exist. We therefore screened cDNA libraries under low stringency with RhoGDI and GDI͞D4 to identify crosshybridizing clones. A homologous cDNA was identified, which we named RhoGDI␥.
MATERIALS AND METHODS
Cloning of cDNA. Duplicate filters of a phage cDNA library in the gt11 vector (CLONTECH) derived from human fetal brain RNAs were screened with the human GDI͞D4 and RhoGDI cDNAs as described (17) . Hybridization and washing were first carried out under high-stringency conditions (65ЊC, 6ϫ standard saline citrate). Positive clones representing clones for GDI͞D4 or RhoGDI were identified by autoradiography. A triplicate filter was then hybridized under low stringency (50ЊC, 6ϫ standard saline citrate) and newly hybridizing clones, representing clones that crosshybridize with GDI͞D4 or RhoGDI, were identified. Individual clones were then isolated after two rounds of secondary screening under similar low stringency condition.
Expression Studies. Northern blot filters of poly(A) ϩ RNA from normal human tissues were purchased from CLON-TECH. The filters were probed with 32 P-labeled cDNA under standard conditions (17) .
Construction of Expression Vectors and Production of Fusion Protein. Using PCR, cDNA fragments with the restriction sites EcoRI and SalI introduced into the 5Ј and 3Ј ends respectively of the ORF for RhoGDI␥ were generated. The PCR product was ligated directionally into the EcoRI and SalI sites of the pGEX4T-1 vector as described (15) . In a similar maneuver, a truncated cDNA was generated and ligated into the pGEX4T-1 vector to produce a glutathione S-transferase (GST) fusion protein with the first 30 amino acids of RhoGDI␥ protein deleted. GST-GDI plasmids were transformed into bacteria and GST-GDI fusion proteins isolated as described (3) .
Biochemical Function Studies. Baculovirus for CDC42Hs and RhoA (obtained from Christopher Carpenter, Harvard Medical School, Boston), and for Rac1 and Rac2 (obtained from Gary Bokoch, Scripps Research Institute, La Jolla, CA) were used to infect Spodoptera frugiperda (Sf9) insect cells and harvested after 24-48 hr. Cell pellets were rinsed, resuspended in lysing buffer, freeze-thawed several times, and lysateclarified by high-speed centrifuge. The lysates were incubated with GST-RhoGDI␥ to test for binding. The capacity of RhoGDI␥ to inhibit the dissociation of GDP from GTPbinding proteins was measured by the nitrocellulose filter binding assay using CDC42Hs produced in Sf9 cells as described (3), Green Fluorescent Protein (GFP)-Fusion Protein Vector. A PCR cDNA fragment containing the entire coding region of RhoGDI␥ was generated (5Ј primer, 5Ј-GCCGCGGTCGAC-ATGCTGGGCCTGGACGCGTGCGAGCTG-3Ј; 3Ј primer, 5Ј-A ACTGAGA AT TCTCAGGGGAGACACGGACTG-GG-3Ј) that allowed cloning of the cDNA into the SalI (5Ј) and BamHI (3Ј) sites of the pEGFP-C1 vector (CLONTECH). The vector generates a GFP-tagged RhoGDI␥ protein with the GFP fused in-frame to the amino-terminal end of the protein.
The DNA was transfected into baby hamster kidney cells as described using the calcium phosphate precipitation technique and after various time intervals the cells were fixed and examined under argon arc light activation to determine the cellular location of GFP-tagged proteins.
DNA Sequencing. DNA sequencing was done using the Applied Biosystems model 373A automated DNA sequencer and the Taq dideoxy terminator cycle sequencing method.
RESULTS
Isolation and Molecular Analysis of RhoGDI␥ cDNA. A total of one million plaques from a human brain cDNA library were screened with the human GDI͞D4 and human RhoGDI cDNA probes under high stringency. Positive clones were identified and marked. The filters were then probed with GDI͞D4 and RhoGDI under low stringency. Additional hybridizing clones were identified. Ten clones were randomly selected for secondary screening to obtain individual hybridizing clones. These were sequenced in single runs to obtain nucleotide sequence of at least 250 nucleotides for every clone. Two clones were identified that showed homology to RhoGDI and GDI͞D4. One of them was then used to screen the brain cDNA library again under high stringency to obtain additional clones. A clone with the longest cDNA insert of Ϸ1.2 kb was isolated and sequenced to completion. This clone was named RhoGDI␥. Fig. 1 shows the nucleotide sequence of the human cDNA. There is a long open reading frame from nucleotide 1 to a stop codon TGA at nucleotide 714 with the first methionine at nucleotide 39. There is no stop codon upstream of the first methionine. The predicted amino acid sequence from the ORF revealed a protein of 225 amino acids. Fig. 2 shows that RhoGDI␥ is homologous to RhoGDI and GDI͞D4 with overall 50% identical amino acids between the proteins. There is a distinct hydrophobic domain in the first 30 residues of the amino terminus of RhoGDI␥ that is absent from the other two GDIs. Leucine made up 11 of the 30 residues.
Northern blot analysis of poly(A) ϩ RNA from normal human tissues (Fig. 3) shows that the gene is expressed at high FIG. 1. Nucleotide and predicted amino acid sequence of RhoGDI␥. Nucleotides are numbered together with amino acid sequence of the longest ORF numbered from the presumed initiating methionine. A TGA stop codon ‫)ءءء(‬ is followed by a short 3Ј untranslated region. levels in the brain and pancreas. Two transcripts of 4.5 kb and 2.5 kb are detected with pancreatic tissues expressing about equal levels of both transcripts while brain tissue contains a higher level of the shorter transcript. Very low levels of the shorter mRNA is detected in small intestine and colon and a barely detectable level of the shorter mRNA is seen in ovarian and testicular tissues.
Binding of RhoGDI␥ to Rho-Related proteins. Transfection of a GST-RhoGDI␥ fusion cDNA into bacteria followed by induction revealed the production of a 52-kDa protein of the expected length. However the protein was present in inclusion bodies and was difficult to purify. As shown in Fig. 2 , the amino terminus of the protein contained a hydrophobic domain that would explain the trapping of the protein in inclusion bodies. We therefore constructed a second fusion-protein vector with a deletion of the hydrophobic domain. Induction of bacteria transfected with the vector revealed ample expression of the protein and we were able to prepare sufficient quantity of the purified protein by glutathione agarose chromatography (3). This protein was used in subsequent functional studies.
Insects cells (Sf9) infected with baculovirus vector containing CDC42, Rac1, Rac2, and RhoA were harvested and lysed. Cell lysates were then incubated with GST-RhoGDI␥ in buffer (10 mM Tris, pH 7.4͞150 mM NaCl in the presence of protease inhibitors) at room temperature for 3 hr. GST-fusion proteins were removed with glutathione agarose in batch preparation, rinsed and the beads separated on SDS͞PAGE and Western blot analysis were prepared from the beads. Filters were then probed with antibodies (Santa Cruz Biotechnology) against RhoA, CDC42, Rac1, or Rac2. No binding was seen with Rac1 or Rac2 (Fig. 4) . RhoGDI␥ was able to bind to CDC42 and RhoA but with apparent lower affinity compared with RhoGDI (figures for RhoGDI binding to RhoA and related proteins not shown).
Assay for GDI Activity. Using insect cells produced CDC42 as substrate, it can be seen that RhoGDI␥ clearly inhibited the dissociation of GDP from the GTPase (Fig. 5A) . To obtain a quantitative assessment of this activity, we derived the dose response curve for GDI activity against CDC42 comparing RhoGDI␥ with RhoGDI. Fig. 5B shows the GDI activity of RhoGDI␥ and RhoGDI against the CDC42 protein, determined in the same experiment. It can be seen that RhoGDI␥ has 20 -30 times less GDI activity against CDC42 than RhoGDI.
Localization of RhoGDI␥ by Immunof luorescence. A GFPRhoGDI␥ fusion protein vector was constructed and transfected into baby hamster kidney cells. Twenty-four hours after transfection, two patterns of distribution were observed. In 60-80% of the cells, RhoGDI␥ appeared as punctated proteins distributed homogeneously throughout the cytoplasm and with concentration in vesicles in the perinuclear area (Fig.  6A) . In 20-40% of the transfected cells, the protein was distributed densely around the nuclei as dense irregular aggregates. These cells appeared spindly and some were rounded up. We then studied protein distribution in relation to cell morphology at timed intervals after transfection. At 8 hr transfected cells expressed a low level of the protein with a diffuse pattern. A few cells expressed high levels of protein and all these cells were rounded up. At 24-28 hr, a higher level of protein expression was seen in the cells, many with appearance as shown in Fig. 6A . However, there was also a higher percentage of rounded cells with very high levels of the protein as in Fig. 6C . By 60 hr, almost all the cells were rounded up and expressing high levels of RhoGDI␥. Furthermore, there was clearly a reduction in the percentage of positive cells. Staining with tetramethylrhodamine B isothiocyanate-labeled phalloidin showed that rounded cells have lost all stress fibers ( figure   FIG. 3 not shown). Finally, costaining with Hoechst 33342 (Sigma) for nuclear DNA showed that in some of the cells there was hyperconvolution and fragmentation of the nuclei.
DISCUSSION
The tissue distribution of RhoGDI␥ is quite different compared with that of RhoGDI or GDI͞D4. Another difference is the presence of a long and short transcript of RhoGDI␥ in the two tissues that express the highest levels of the mRNA (brain and pancreas). The full-length cDNA that we isolated contains an ORF that corresponds in length to that of the shorter transcript. The identity of the longer transcript is not known and could represent an alternatively spliced transcript. Another less likely possibility is that it represents the transcript of a highly homologous gene. Further work will be required to resolve this.
Alignment of the three GDIs shows that RhoGDI␥ contains a distinct hydrophobic domain of Ϸ30 residues in the amino terminus (Fig. 2) . This domain accounted for the considerable difficulty we encountered in our attempt to purify the fulllength protein expressed in bacteria. Consequently we had to resort to the use of the truncated form with the hydrophobic domain deleted. Using this, we first demonstrated by an in vitro binding assay that RhoGDI␥ differs from RhoGDI and GDI͞D4 in that it is not able to bind to Rac1 or Rac2. To further substantiate this, we used the two-hybrid yeast system (18) to test for proteins that bind to RhoGDI␥. We find RhoGDI␥ binds to CDC42 but not to Rac1 or Ras (data not shown).
Using an established in vitro assay for GDI activity, we next demonstrated that RhoGDI␥ clearly functioned as a GDI against CDC42 (Fig. 5A ) but with 20-30 times less efficacy compared with RhoGDI (Fig. 5B) . This difference is very similar to the difference in GDI activity between RhoGDI and GDI͞D4 7 . In another previous study (15) , we have shown that the deletion of as much as the first 20 residues of RhoGDI did not affect its GDI activity, whereas a deletion of as little as the last eight residues resulted in a total abrogation of the GDI activity of RhoGDI. Furthermore, a replacement of only a few amino acids in RhoGDI with the corresponding residues in GDI͞D4 converted RhoGDI activity to that of GDI͞D4 and vice versa. Thus the carboxyl end of the GDIs for Rho proteins appear to be a critical domain. In this region of RhoGDI␥, the residues (YLVVS) differ from that of either RhoGDI(YSIKS) or GDI͞D4(YHNKS). Furthermore, the last eight residues of RhoGDI␥ differ from RhoGDI and GDI͞D4. Therefore it is not surprising that RhoGDI␥ demonstrates a very different binding affinity for Rho and related proteins compared with RhoGDI. It is important to note that the GTPase-binding and GDI assays were done with the amino-terminal truncated form of RhoGDI␥ because of the difficulty of purifying the whole protein from bacteria. Since the truncation did not affect the carboxyl end that is critical for binding to GTPase substrates, we conclude that the result we obtained with the aminoterminal truncated form of RhoGDI␥ in the GDI assay very likely reflects the true level of GDI activity toward CDC42. Therefore, we conclude that RhoGDI␥ is a GDI with a restricted spectrum of GDI activity compared with RhoGDI or GDI͞D4. Whether RhoGDI␥ will also bind to or function as a GDI for other related proteins such as RhoB, RhoC, and RhoG remains to be determined.
Recently it was shown that GDI͞D4 is a substrate of the apoptosis protease (19) . In hematopoietic cells induced to undergo apoptosis, GDI͞D4 is truncated to a 23-kDa fragment at the CPP32 consensus cleavage site DELD (19)S. This consensus cleavage sequence is absent in both RhoGDI and RhoGDI␥.
RhoGDI␥ tagged with GFP protein at the amino terminus showed a diffuse cytoplasmic distribution and in many cells the protein also was found clustered around the nucleus. A similar construction with GFP tagged to the amino terminus of GDI͞D4 or RhoGDI showed only a diffuse distribution in the cytoplasm without any of the perinuclear aggregates seen with RhoGDI␥ (figure not shown). The perinuclear pattern appears to resemble the staining pattern of organelles such as Golgi network and lysosomes but does not resemble endoplasmic reticulum. It is possible that the protein may become localized in certain intracellular compartments with the hydrophobic amino terminus of RhoGDI␥ providing a mechanism for its membranes localization. Further colocalization studies with antibodies against proteins in various cellular compartments may reveal the nature of the location of RhoGDI␥. In this regard, it is of interest that RhoB was found to have a perinuclear distribution in contrast to RhoA and RhoC that are diffusely distributed in the cytoplasm and cell surface membrane (20) . We are currently generating RhoB to study interactions with RhoGDI␥.
Members of the Rho-related proteins appear to be critical in cytoskeletal organization such as the formation of stress fibers, membrane ruffling (21, 22) and the formation of filopodia (23) .
A high level of expression of RhoGDI␥ caused cells to round up. The reduction in the percentage of positive cells at 60 hr after transfection of the expression vector may be explained by the loss of rounded cells which had become detached. Consistent with our observation that the RhoGDI␥ binds to RhoA, an over expression of the protein would lead to an inhibition of activation of RhoA and hence the loss of stress fibers. The phenotype is similar to that seen with the injection and overexpression of RhoGDI on cell morphology (10) or inhibitors of RhoA such as the exoenzyme C3 transferase from Clostridium botulinum (21, 22) . In some of the rounded cells, the hyperconvolution of nuclei and DNA fragmentation observed is consistent with apoptosis but more elaborate studies will be required to determine whether or not apoptosis can be induced by the overexpression of RhoGDI␥.
The significance of the preferential expression of RhoGDI␥ gene in brain and pancreas awaits future studies. A cellular function that both tissues are actively engaged in is the packaging and secretion of proteins in vesicles; neurotransmitters in synaptic junctions and hormones in exocrine or endocrine cells. Thus, RhoGDI␥ may be involved in secretory pathways.
The data presented here showed that RhoGDI␥ is another member of an emerging family of regulators for the Rhorelated proteins. It is possible that, similar to the GDP exchange factors for the Rho proteins, there may be a large family of these GDIs. Within the family of GDP exchange factors for the Rho proteins, some are specific exchange factors for individual Rho proteins [e.g., Lbc (24), TIAM-1 (25)] while others are GDP exchange factors for more than one of the proteins [e.g., Dbl (26) , Vav]. Thus far, the GDIs for the Rho proteins have shown no substrate specificity by in vitro assays. Furthermore the same cell may contain more than one GDIs. Whether and how they each function to exert distinct cellular effects will require more elaborate in vivo studies. For example, even though in vitro assays indicate that RhoGDI is a GDI for the Rho, Rac, and CDC42 proteins, the injection of RhoGDI into cells affect dramatically the formation of stress fibers, a function mediated by RhoA. Injected cells still retain ability to form lamellipodia, a function mediated by Rac proteins (data not shown). This would suggest that there is a preferential in vivo effect of RhoGDI on RhoA rather than Rac proteins. In contrast, the subtle defect in superoxide production in macrophages with loss of function of GDI͞D4 points to an important role of GDID4 in regulation of Rac proteins (16) . The normal phenotype of animals with loss of function of GDI͞D4 also suggest that there may be considerable redundancy of function between the RhoGDIs. The identification of RhoGDI␥ should widen the scope of experiments and database to understand the physiological importance of these GDIs. Finally, to avoid confusion and to facilitate communication, we propose that RhoGDI be renamed RhoGDI␣, and GDI͞D4 be named RhoGDI␤.
Note. After this manuscript was submitted for review, a homologous murine protein named RhoGDI3 was described (27) . The protein is Ͼ80% identical to RhoGDI␥ and is very likely the murine equivalent of RhoGDI␥. RhoGDI3 was found to bind to RhoB and RhoG. RhoGDI3 was also shown to function as a GDI for RhoB. However, contrary to what we observed, RhoGDI3 did not appear to bind to RhoA. Furthermore the interaction of RhoGDI3 with CDC42 was not examined. The combined data indicate that RhoGDI␥ may bind with and function as a GDI for CDC42, RhoB, and RhoG and possibly RhoA. 
